Male reproductive ageing has been mainly explained by a reduction in sperm quality with negative effects on offspring development and quality. In addition to sperm, males transfer seminal fluid proteins (Sfps) at mating; Sfps are important determinants of male reproductive success. Receipt of Sfps leads to female post-mating changes including physiological changes, and affects sperm competition dynamics. Using the fruit fly Drosophila melanogaster we studied ageing males' ability to induce female post-mating responses and determined the consequences of male ageing on their reproductive success. We aged males for up to 7 weeks and assayed their ability to: i) gain a mating, ii) induce egg-laying and produce offspring, iii) prevent females from remating and iv) transfer sperm and elicit storage after a single mating. We found that with increasing age, males were less able to induce post-mating responses in their mates; moreover ageing had negative consequences for male success in competitive situations. Our findings indicate that with advancing age male flies transferred less effective ejaculates and that Sfp composition might change over a male's lifetime in quantity and/or quality, significantly affecting his reproductive success.
Introduction
Ageing is characterized by progressive declines in a number of bodily functions that accumulate in an increased risk of death. This decline is accompanied by reduced reproduction and fertility. Three phases of ageing can often be discerned in a number of model organisms, like Drosophila, whereby during the first, the ageing phase, performance decreases rapidly, while during the late-phase performance stabilizes at low levels to decline significantly~2 weeks before death in a 'death spiral' (Shahrestani et al., 2012; Mueller et al., 2016) . In general, a decrease in reproductive capacity in males is due to senescence of the soma, often expressed as lower mating success, and of the reproductive tissues, causing impaired fertility (reviewed in Johnson and Gemmell, 2012) . Explanations for decreased male fertility with age have focused mainly on diminished sperm quality (reviewed in Radwan, 2003; Pizzari et al., 2007; Reinhardt et al., 2015) . However, not only sperm and/or spermatogenic tissues age. We expect the entire ejaculate including its non-sperm components to show signs of senescence, contributing to poor reproductive success in older males. Here we focus on this aspect, investigating several consequences of ageing on male reproductive success in Drosophila melanogaster, a species where the link between male reproductive success and the non-sperm components of the ejaculate is well established.
Sperm of older males are predicted to have accumulated a larger number of mutations (Radwan, 2003; Pizzari et al., 2007; Reinhardt et al., 2015) resulting in decreased offspring viability or quality. Data from a number of organisms are consistent with this prediction (Price and Hansen, 1998; Jones et al., 2000; Jones and Elgar, 2004; Karl and Fischer, 2013) , although there are exceptions (Schäfer and Uhl, 2002; Fricke and Maklakov, 2007; Avent et al., 2008; Krishna et al., 2012; Verspoor et al., 2015) . It was further observed that older males sired fewer offspring when in competition over fertilization e.g. in the cellar spider Pholcus phalangioides (Schäfer and Uhl, 2002) , the hide beetle Dermestes maculatus (Jones et al., 2007) and the bulb mite Rhizoglyphus robini (Radwan et al., 2005) . This reduced sperm competitive ability may be due to altered sperm quality or other characteristics, like the non-sperm component. For example, in the red junglefowl Gallus gallus older males achieve lower paternity share (McDonald et al., 2017) . In this species sperm velocity can be influenced by the male through allocating a larger ejaculate (Cornwallis and O'Connor, 2009) . A recent study reported sperm velocity dependent variation in the red junglefowl seminal fluid proteome (Borziak et al., 2016) and, interestingly, a https://doi.org/10.1016/j.exger.2017.12.013 Received 15 August 2017; Received in revised form 21 November 2017; Accepted 15 December 2017 distinct seminal proteomic signature in older males. This suggests that the non-sperm components of the ejaculate might also change with age in ways that could affect male competitiveness. Since success in sperm competition is a key determinant of male fitness (Simmons, 2001 ; for an example in D. melanogaster see Fricke et al., 2010) it is important to extend the study of male reproductive ageing to such non-sperm components of the ejaculate.
In D. melanogaster, non-sperm components of the ejaculate are vital for male fertilization success and play important roles in sperm competition (reviewed in Chapman, 2001; Avila et al., 2011; Simmons and Fitzpatrick, 2012) . Along with sperm, a male transfers about 200 different seminal fluid proteins (Sfps) to a female (Findlay et al., 2008 (Findlay et al., , 2009 . Many Sfps are produced in the male's accessory glands (AG) (reviewed in Avila et al., 2011) . The AGs are two tube-like lobes connected to the ejaculatory duct. Their proteins are secreted by the glands' 1000 "main cells" and 40 "secondary cells"; the latter are located at the tip of the gland and contain large secretory vacuoles (Bertram et al., 1992) . As males age, some AG secondary cells can be actively shed and even be transferred to females during mating (Leiblich et al., 2012 ). Here, we tested ageing D. melanogaster males' ability to elicit known female post-mating responses to such non-sperm components of the ejaculate and tested whether this reduced ability contributes to diminished reproductive or competitive success of ageing D. melanogaster males.
The fact that Sfps in D. melanogaster play a crucial role in many postcopulatory traits (reviewed in Avila et al., 2011) prompted us to examine whether there were age dependent changes in their amount or action. Sfps for example, decrease the risk of sperm competition by decreasing female receptivity to remating (Chapman et al., 2003; Liu and Kubli, 2003) , affect the storage and retention of sperm (Harshman and Prout, 1994; Neubaum and Wolfner, 1999; Chapman et al., 2000; Prout and Clark, 2000; Bloch Qazi and Wolfner, 2003; Wong et al., 2008; Avila et al., 2010; Ravi Ram and Wolfner, 2007) and boost egg production and laying by the female (Herndon and Wolfner, 1995; Heifetz et al., 2000; Chapman et al., 2003; Liu and Kubli, 2003) which increases the number of offspring a male can sire with a single mating (Fricke et al., 2009; Fricke and Chapman, 2017) . These female postmating changes are accompanied by a remodelling of the female uterus into a mated conformation (Adams and Wolfner, 2007; Kapelnikov et al., 2008a Kapelnikov et al., , 2008b Mattei et al., 2015) which is suggested to aid in sperm entry into storage (Adams and Wolfner, 2007; Mattei et al., 2015) . At least one seminal protein, Acp36DE, is necessary for these uterine conformational changes (Avila and Wolfner, 2009 ). Since Sfps play such an important role in male reproductive success and postmating competitiveness, we investigate whether they are affected by a male's ageing. To that end, we measured whether males' age affects their mates' post-mating responses. We focused on responses elicited by the sex peptide (SP), which heightens a male's reproductive success through a variety of means (Fricke et al., 2009; Fricke and Chapman, 2017) , including reducing female receptivity for up to~4 days after mating, boosting egg-laying (Chen et al., 1988; Chapman et al., 2003; Liu and Kubli, 2003) and regulating the efficient release of stored sperm (Avila et al., 2010) . The other Sfp we examined was ovulin, which increases ovulation rate by mated females (Heifetz et al., 2000; Rubinstein and Wolfner, 2013) , but only exerts short-term effects on the female and has so far no known effect on sperm competition outcomes.
In this study, we examined the consequence of male ageing over a substantial part of male lifespan (from 4 days to 7 weeks post-eclosion) on the male's ability to induce female post-mating responses. Upon noticing that there were age-dependent changes in the intensity of female post-mating responses induced by the male, we used an enzymelinked immunosorbent assay (ELISA, Sirot et al., 2009 ) directly quantify the amounts of two Sfps (SP and ovulin) transferred in single-matings by males of different ages. We combined these measures with tests of age-dependent male reproductive success after a single mating as well as in competitive situations.
Materials and methods
2.1. Fly stocks 2.1.1. Wild-type flies and Stubble (Sb) flies
The wild-type Dahomey stock has been maintained at large population size in cages with overlapping generations since it was collected in the 1970s in Dahomey, West Africa (now Benin). Hence we put no constraint on adult lifespan and allowed the flies to reproduce throughout their entire lifespan. The population was fed once a week by introducing three glass bottles into the population cage with 70 mL fresh standard sugar-yeast (SYA) food (Bass et al., 2007) . Our Dahomey stock flies were kindly provided by Prof. Tracey Chapman (University of East Anglia, UK) and have been maintained in our laboratory in population cages for several generations prior to the experiments. Further we used flies with the Stubble (Sb) mutation, back-crossed into the wild-type Dahomey genetic background for four generations to increase genetic variability and have the mutation in a comparable genetic background. Sb, a dominant mutation that causes an easily-scored short-bristle phenotype, is recessive-lethal, hence the Sb males used in our assays were heterozygous for this mutation. Sb males were used in a direct competition assay as competitor males, enabling us to determine offspring paternity and collect fitness measures for our focal males from different age classes.
Sex peptide (SP) knockout flies
Following the protocol in Liu and Kubli (2003) 
Fly culturing
Flies were maintained and all experiments were conducted in a constant climate room at 25°C and 60% humidity at a 12:12 h darklight cycle. Mutant flies were kept in glass bottles containing 70 mL of SYA food and regularly flipped onto fresh food.
To generate flies used in the experiments we allowed the parent generation to oviposit on grape-juice-agar plates [50 g agar, 600 mL red grape juice, 42.5 mL Nipagin (10% w/v solution) and 1.1 L water] supplemented with live-yeast paste. Following 24 h of incubation, larvae were collected and 100 were transferred into a standard vial (diameter 2.5 cm, height 8.4 cm, containing 7 mL of SYA food) to develop under density controlled conditions. Throughout our experiments we added additional ad libitum live yeast granules or paste to our vials. To reduce variability in male age for our experiments we restricted wild-type Dahomey females to oviposit for 3-5 h. At eclosion, adults were collected as virgins and 20 individuals were kept in same sex groups in standard vials until the beginning of the experiment. If flies were kept for longer than 4 days prior to the experiment they were transferred to fresh food every 3-4 days.
Mating assays
We designed our experiments to use virgin rather than previouslymated males (see Jones and Elgar, 2004 for such an approach), interpreting data from the latter comes with its own set of challenges: because D. melanogaster males transfer~one third of their seminal proteins in each mating (Ravi Ram et al., 2005) and need at least four matings in short succession to largely-empty their Sfp stores (Hihara, 1981) , using a previously mated male would mean that his ejaculate would be a mix of old and fresh ejaculatory components. Moreover, the proportion of old vs. new components might vary among males from different male-age groups, if, for example old males invested more in a mating and/or replenished stores slower than young males. Moreover, the rate of sperm depletion (or replenishment) might not be the same as that for Sfps, resulting in further complication in interpretation of the ejaculates of older males. Hence for all of our assays we kept males as virgins and allowed them to age in male-only groups until being tested at the predetermined age and as such we are not able to distinguish male age from ejaculate age with our experimental set up.
All mating experiments were conducted in the morning after lightson in a climate-controlled room at standard conditions. Males were placed individually in mating vials the day before and females were introduced the morning of the assay. We recorded the time at which pairs were placed together, and the times at which mating started and ended. This allowed us to calculate latency to mating (time between introduction and start of a mating) as well as copulation duration. Unless otherwise stated, flies were observed continuously.
Male reproductive ageing
To examine male reproductive ageing over much of the normal lifespan, we generated and tested males at 4 days, 2, 3, 4, 5, 6 and 7 weeks after eclosion. These seven male cohorts were set up over seven consecutive weeks and males were aged so that our assays could take place on the same day for all age groups. First, we measured the ability of males of each age to gain a first mating with a virgin female. Then, since we were particularly interested in the role of Sfps in reproductive ageing we measured female responses elicited by receipt of Sfps, particularly those induced by receipt of sex-peptide (SP). Specifically, we determined a female's propensity to remate and the amount of eggs laid after a single mating. To assess the effect of SP we examined the responses by females mated to wild-type Dahomey males and, in parallel, age-matched SP 0 males. We used 30 males per age group with the exception of the 7 week-old treatment, for which only 16 wild-type and 26 SP 0 males had survived.
All females were 4 days old on the first day of the assay. After being placed together, pairs were observed continuously for 3 h and mating rate was recorded. Pairs that had not mated within this timeframe were excluded from further assays. After a mating was finished (a typical mating lasted~20 min) the male was removed from the vial. The number of eggs laid by the female over the ensuing 24 h was measured. The next morning the female was transferred to a vial with a new wildtype virgin male (4 days old) and was given a 1.5 h opportunity to remate. The number of females remating was recorded.
Long-term egg-to-adult survival after a single mating
Four day old virgin females were mated once to a male either 4 days, 2, 4 or 6 days post-eclosion (n = 35 per age group). After a successful mating females were transferred daily to fresh food and allowed to oviposit for nine days. Eggs laid on days 1-5, 7 and 9 were counted and vacated vials were incubated for another 11 days under standard conditions for offspring to eclose. Vials were then frozen and adult offspring were counted to assess egg to adult survival.
ELISA
To directly measure the amount of sex peptide (SP) and ovulin transferred in a single mating by males of different ages we used an enzyme-linked immunosorbent assay (ELISA) following the protocol described in Sirot et al. (2009) . We mated females (4 days post eclosion) to either 4 day-, 2, 4 or 6 week-old males (n = 43-58 females per male age class), removed males after mating ended, and snap-froze the females in liquid nitrogen 30 mins after the start of a mating. In a few cases copulation was not completed after 30 mins, but previous studies indicate that by this time the whole ejaculate should have been fully transferred (Lung and Wolfner, 1999; Gilchrist and Partridge, 2000) .
From the frozen samples, 18 females for each male age group were used for the ELISA assay; the remaining females were used for sperm counts (see below). To quantify the amount of SP and ovulin transferred we dissected the lower reproductive tract (LRT) (consisting of the uterus, sperm storage organs, oviducts and parovaria) on ice, and processed it for ELISA quantification as described in Sirot et al. (2009) , with the following minor modifications. Primary antibodies were used at 1:1000 (anti-SP) and 1:500 (anti-ovulin). For the SP-antibody the colorimetric reaction was stopped after 7 mins, while the ovulin-antibody was incubated for 30 mins as in Sirot et al. (2009) . Each LRT sample was divided into four replicates. We processed two with anti-SP and two samples with anti-ovulin.
On every plate, a standard dilution curve of male AGs was included for each antibody, in addition to a blank sample (see Sirot et al., 2009 ) and a sample of a virgin female LRT as negative controls. The serial dilution for the standard curve for the SP-antibody was between 1/2 and 1/32 of a male AG. For the standard curve with anti-ovulin we diluted from 1/16 to 1/256 of an AG.
ELISA signals were quantified by measuring the absorption of the sample with a microplate reader at 450 nm (OD 450 ), after the colorimetric reaction. We standardized the OD 450 values to the blank sample, and subtracted the OD 450 value for the virgin LRT from all other LRT samples' values. The resulting OD 450 values for one replicate of each duplicate sample was regressed against the OD 450 value of the other replicate of the same sample. Duplicate samples with residuals greater than three standard deviations were considered to have low repeatability and were removed. The OD 450 values of the remaining duplicate samples were averaged for each sample and subsequently converted to male AG equivalents using the AG standard curve.
Sperm counts and uterine conformation
The remaining females frozen 30 mins after mating were used to perform sperm counts and to determine the uterine conformation (Neubaum and Wolfner, 1999; Adams and Wolfner, 2007; Avila and Wolfner, 2009 ). The LRT of 20 females per male age group were dissected and stained as in Neubaum and Wolfner (1999) . Samples were coded with numbers for blind counts but care was taken that all age groups were represented each day sperm counts were done. We counted the number of sperm stored in the sperm storage organs with a focus on the seminal receptacle by carefully unrolling it using a dissecting needle. The spermathecae was omitted, as usually there are no sperm stored at this early time point (Manier et al., 2010) . Orcein-stained seminal receptacle sperm were counted; each sample was counted twice by the same person. Samples with a repeatability of < 93% were removed from the set (as in Avila et al., 2010) , leaving us with a total of 12-17 samples per male age group. Sperm storage is facilitated by conformational changes of the uterus that are induced by mating, and specifically by receipt of Sfps such as Acp36DE (Adams and Wolfner, 2007; Avila and Wolfner, 2009; Mattei et al., 2015) . These changes serve to push the sperm mass towards the storage sites, and to open access to those sites. We also recorded uterine conformations in 28-30 preparations of tissues from females mated to males of a given age. Specifically, for each male age group we recorded as a present/absent response whether the uterus conformation had proceeded to the rotund shape induced by mating and receipt of Acp36DE or whether it still looked virgin-like (see Adams and Wolfner, 2007; Avila and Wolfner, 2009 ).
Direct competition assay
To determine the combined effects of pre-and post-mating competitive success of males of different age on his reproductive success, we placed a focal wild-type virgin male who was 4 days, 2, 4 or 6 weeks post-eclosion into a vial together with a single Sb competitor male (4 days post-eclosion), and then added a single virgin wild-type female (4 days post-eclosion). We started with 42-44 replicate vials per maleage group. In this setting the two males directly competed for access to the female and for fertilizations. We allowed these trios to interact freely for five days and scored male mating success, as well as paternity success (via progeny counts). To estimate mating success for the two male types, on the first day of the experiment immediately after introducing the female we observed the vials continuously to score which male obtained the first mating for~60 min after the start of the experiment. We made sure all replicates had started their first mating before switching to conducting spot-checks every 20 min for the remainder of the 5 h period for the first day. Then, we did spot-checks daily for the next four consecutive days, during the first 5 h after lights on. We marked competitor males by cutting off a small corner of their wings in order to easily distinguish them by eye from the focal males. Because we provided our focal males with a standardized background to compete against we could directly compare across the different age classes. Additionally every 24 h the flies were transferred to fresh vials, the vacated vials were incubated until offspring eclosion and then frozen for later counts of offspring by bristle phenotype, to assign paternity. Offspring vials from day 2 were lost for one of the age classes, therefore day 2 was omitted from the analysis for all age classes to ensure comparability between age classes. To quantify the progeny numbers for the two males -the competitor males were heterozygous for the Sb allele -we calculated their progeny number as double the number of Sb progeny; to determine the number of progeny of the nonSb focal male, we subtracted the number of Sb progeny from the total number of non-Sb progeny; the remaining non-Sb progeny represented the number sired by the focal male.
Data analysis
The analyses were performed in R version 3.2.1 (R Core using RStudio version 7.6 (RStudio . The following R packages were being applied: lmtest (Zeileis and Hothorn, 2002) , pgirmess (Giraudoux, 2016) , pscl (Jackman et al., 2015) , lme4 (Bates et al., 2015) , Hmisc (Harrell et al. 2017 ) and gplots (Warnes et al., 2016) . Because data were not normally distributed, we applied generalized linear models (GLM, Nelder and Wedderburn, 1972) with the appropriate data distribution and correction for over-dispersion via the quasiextension if necessary. We included male age as a fixed factor in all models. To account for zero-inflation the sperm storage data were analyzed with the help of zero-altered negative binomial models (ZANB). Briefly, zero-altered negative binomial models are so-called two-part models consisting of a logistic part to model presence/absence of non-zero values and a count part to model non-zero count data with a zero-truncated negative binomial distribution (Zuur et al., 2009 ). The relative amount of transferred SP and ovulin measured via the ELISA was analyzed using the Kruskal-Wallis test. Time measurements were analyzed using a Gamma data distribution which does not allow zeros. Since in the latency experiments a few replicates mated immediately (hence after 0 min), we added 1 min to every measurement enabling us to use the appropriate data distribution. As we measured females repeatedly in our long-term test of egg-to-adult survival after a single mating we conducted generalized mixed effects models with the appropriate data distribution. We included male age, time after mating and their interaction as continuous variables and female identity as a random factor. If necessary we accounted for overdispersion by including an observation level random effect (Harrison, 2014) . All data were analyzed starting with the full model and throughout we applied a backward stepwise simplification approach excluding non-significant variables in order to arrive at the minimal adequate model (Crawley, 2007) , which we present throughout. P-values were assessed by analysis of deviance on nested models (likelihood ratio tests or F-ratio tests depending on the data distribution; likelihood ratio tests for mixed effects models; Crawley, 2007) , all tested terms (significant and nonsignificant) are reported in the Results section.
Results

Male reproductive ageing
Mating rate decreased significantly with increasing male age (GLM with binomial error distribution, male age: N = 396, df = 6, Δ deviance = 87.42, χ 2 = 87.42, P < 0.001). This general pattern of mating success across male age groups was the same for both the wildtype and the age-matched SP 0 males (male age × genotype: N = 396, df = 6, Δ deviance = 1.54, χ 2 = 1.54, P = 0.96). Whereas most 4 day old males achieved a mating, the proportion of successful matings dropped for older males, with a steep decrease occurring for males between ages of 5 and 6 weeks (Fig. 1A) . Overall the proportion of males gaining a mating was significantly lower in wild-type males compared to SP 0 males (male genotype: N = 396, df = 1, Δ deviance = 19.83, χ 2 = 19.83, P < 0.001) over all age classes.
Latency to copulation showed a similar pattern to that of mating rate. Changes in latency across male age groups were not significantly different between the two male genotypes (GLM with Gamma error 
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distribution, male age × genotype: N = 286, Δ deviance = 10.54, F 6, 272 = 1.70, P = 0.12). With increasing age, males not only showed a reduced mating rate, but they also had a significantly longer latency to copulation (male age: N = 286, Δ deviance = 15.83, F 6, 278 = 2.52, P = 0.022) independent of male genotype (Fig. 1B) . In general, SP 0 males were significantly faster to mate than wild-type males (male genotype: N = 286, Δ deviance = 6.21, F 1, 278 = 5.93, P = 0.016).
Older males were significantly poorer in inducing their mates to lay eggs within 24 h after a first mating (GLM with Poisson error distribution corrected for overdispersion, male age: N = 281, Δ deviance = 255.1, F 6, 273 = 3.76, P = 0.0013). These changes with male age were not significantly different between male genotypes (male age × genotype: N = 281, Δ deviance = 61.1, F 6, 267 = 0.90, P = 0.50, see Fig. 2 ). As expected (Chapman et al., 2003; Liu and Kubli, 2003) , females mated to males producing no SP had an overall lower egglaying rate than mates of wild-type males (male genotype: N = 281, Δ deviance = 282.8, F 1, 273 = 25.00, P < 0.001).
In contrast to the reproductive traits above, the willingness of a female to remate with a second male 24 h after a first mating was significantly affected by an interaction between male genotype and age (GLM with Binomial error distribution, N = 283, df = 6, Δ deviance = 13.37, χ 2 = 13.37, P = 0.038). As expected (Chapman et al., 2003; Liu and Kubli, 2003) , females consistently remated more often when their first mate did not transfer SP. But the age-dependent decrease in male ability to suppress remating differed between control and SP 0 males (Fig. 3) . With increasing age, males were less efficient in suppressing female remating rate and this occurred earlier in the SP 0 males (between 4 and 5 weeks post eclosion) than for the wild-type males (between 5 and 6 weeks).
Long-term egg-to-adult survival after a single mating
Egg-to-adult survival decreased significantly over the nine days after a single mating (GLMM with Binomial data distribution and observation level random effects, time: N = 140, df = 1, χ 2 = 418.42, P < 0.001, see Fig. 4 ) and varied significantly with male age (male age: N = 140, df = 3, χ 2 = 20.73, P < 0.001). In particular, progeny of the oldest males showed lower rates of egg-to-adult survival. However, the decline over time was similar across all male age groups (time × male age: N = 140, df = 3, χ 2 = 2.80, P = 0.423). This difference in adult progeny numbers was not due to the production of fewer eggs by mates of older males, as there were no differences in egglaying across male age classes (GLMM with negative binomial error distribution, male age: N = 140, df = 3, χ 2 = 4.30, P = 0.23) and we only observed a significant decreased in the number of eggs laid with time (N = 140, df = 1, χ 2 = 138.16, P < 0.001) and again this decline was similar across male age groups (time × male age: N = 140, df = 3, χ 2 = 2.88, P = 0.41).
ELISA
The relative amount of SP present in the female reproductive tract 30 min after a single copulation significantly differed between male age classes (Kruskal-Wallis test, N = 68, df = 3, χ 2 = 8.61, P = 0.035).
Four day old males transferred a large amount of SP, while 2 week-old males transferred significantly less (Fig. 5A) . Surprisingly the two older male age groups transferred quantities similar to those transferred by 4-day old males (thus, > 2 week-old males transferred; see Fig. 5A ). The relative amount of ovulin present in the female reproductive tract 30 min after a single copulation did not differ significantly between male age classes (Kruskal-Wallis test, N = 72, df = 3, χ 2 = 4.48, . Egg-to-adult survival of progeny from females mated once to a male of the indicated age over a nine day period. Data are presented as means ± SE of the raw data.
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Sperm counts and uterine conformation
Since sperm begin to accumulate in the seminal receptacle (SR) bỹ 30 min after the start of mating (Bloch Qazi and Wolfner, 2003; Manier et al., 2010) , we compared numbers of sperm in storage at this time in the mates of males of the four different age groups. The number of sperm in storage differed significantly between mates of males' age groups, as did the probability of any sperm being stored at all at the time point examined (ZANB, N = 52, df = 3, count part: χ 2 = 13.44, P = 0.004; logistic part: χ 2 = 8.41, P = 0.038). In those females that had stored sperm, mean numbers of stored sperm in the SR decreased steadily with increasing age of their mate. Moreover, whereas 45%-53% of females mated to older males (2, 4 and 6 weeks after eclosion) had no sperm at all in their SRs at 30 min after mating, only 8% of females mated to 4-day old males had no sperm in their SRs. Together, these two effects caused a strong decrease of sperm numbers in the SR of females mated to older males (Fig. 6 ).
Given the lower amount of early sperm storage in mates of older males, we also examined whether male age affected the uterine conformational changes that facilitate sperm storage. The proportion of females showing a virgin-like uterus conformation 30 min after mating was significantly different between mates of males from different age classes (GLM with Binomial error distribution, N = 114, df = 3, Δ deviance = 12.61, χ 2 = 12.61, P = 0.006). It was lowest in females mated to young males (4 days after eclosion) and highest in females mated to 2 week-old males; older males showed an intermediate proportion of females with a virgin-like uterus conformation (Fig. 7) .
Direct competition assay
In the presence of a competitor, a focal male's ability to secure the first mating significantly decreased with increasing focal-male age (GLM with Binomial error distribution, N = 171, df = 3, Δ deviance = 11.94, χ 2 = 11.94, P = 0.008). The probability of a focal male gaining the first mating was similar to that of the competitor male when the focal male was 4 days to 2 weeks old. However, with older males the ratio skewed to favor the (younger) competitor male (Fig. 8A) . Our daily checks revealed that this initial trend continued over the remaining five-day observation period: with increasing age, focal males gained a significantly lower proportion of the observed matings (GLM with Binomial data distribution, N = 64, df = 3, Δ deviance = 9.73, χ 2 = 9.73, P = 0.021) and hence lost the pre-mating competition against younger competitor males (Fig. 8B) . Similarly, the proportion of offspring sired by focal males over days 1 and 3-5 within this competitive setting was significantly influenced by the focal male's age (GLM with Binomial data distribution corrected for overdispersion, N = 129, Δ deviance = 5789, F 3, 125 = 17.70, P < 0.001). There was a strong decline in male paternity share for males older than 2 weeks, and by 6 weeks focal male paternity share had declined to~10% (Fig. 9A) .
This decline in paternity share in older males might be explained by diminishing success in pre-mating competition alone. But post-mating mechanisms might also play a role. To determine the relative extent to which pre-and post-mating success contributed to male reproductive success, we modelled the proportion of offspring sired by the focal male as a function of the proportion of observed matings he gained, including male age and the interaction of the two terms. The effect of proportional mating gain on offspring share was independent of male age (GLM with Binomial error distribution corrected for overdispersion, mating proportion × male age: N = 49, Δ deviance = 508.5, F 3, 41 = 2.33, P = 0.09). Across all age classes males benefitted from gaining more matings by siring an increasing proportion of offspring (N = 49, Δ deviance = 1140.3, F 1, 44 = 14.36, P < 0.001). Hence, success in direct male-male pre-mating competition also results in a higher fertilization success (Fig. 9B) . However, male age significantly influenced paternity share (N = 49, Δ deviance = 1037.8, F 3, 44 = 4.36, P = 0.009), showing diminishing returns with increasing male age (Fig. 9B) . Older males are less successful in obtaining fertilizations even if they gain most of the observed matings, indicating the involvement of post-mating mechanisms.
Discussion
We have shown that, over a 6-7 week period, D. melanogaster males undergo reproductive senescence that strongly affects their reproductive success. Under laboratory conditions Dahomey wild-type males can live > 60 days, although only~20% survive past 50 days (HR, MK and CF unpublished data) . Hence the timeframe we investigated spans a substantial part of a male's lifespan. We found that reproductive ageing was accompanied by a decrease in a male's mating probability and an increase in his latency-time to mating. D. melanogaster males have previously been found to undergo a 3 weeks ageing phase in which the ability to mate and fertilise eggs diminishes rapidly, before in the late age phase mortality rates stabilize at low performance (Shahrestani et al., 2012) . We also detected that with increasing age males were less efficient in inducing female post-mating changes. There was strong variation across traits for the male age at which we observed an age-dependent drop in male ability to induce female post-mating responses and the strength of this response. For example after a single mating, males older than 5 weeks were less successful in preventing females from remating, whereas a males' ability to trigger an egg laying boost had already weakened after 2 weeks of age. Similarly, 2 week-old males caused fewer sperm to storage shortly after mating (< 50% compared to 4 day old males), and were about 3 times less efficient than younger males in inducing conformational changes in the female's uterus. The combined effect of these age-dependent reductions strongly contributed to diminished male reproductive success in a competitive setting. As the post-mating traits we examined are mediated by male seminal fluid proteins (Avila et al., 2011) , our data suggest that there is ageing of the male's capacity to produce enough, or high-quality, Sfps. Producing a "well-composed" ejaculate (Perry et al., 2013) is key for male competitiveness and reproductive success. Our data indicate that Drosophila males are less able to do so as they age (see also Borziak et al., 2016 for an example in red junglefowl).
As males aged, we observed an age-dependent reduction in their ability to elicit critical post-mating responses by their mates. The responses we measured are caused by seminal fluid proteins transferred to females. For example, female propensity to remate and her level of egg production are regulated by receipt of her mate's sex peptide (SP) (Chen et al., 1988; Chapman et al., 2003; Liu and Kubli, 2003) . Interestingly, in addition to these positive effects, repeated receipt of SP reduces female fitness and lifetime reproductive success and thus this Sfp possesses the potential to be a locus of sexual conflict (Wigby and Chapman, 2005; Fricke et al., 2009; Isaac et al., 2010; Gioti et al., 2012; Smith et al., 2017) . Because we found effects on SP-regulated traits in old vs. young males, we quantified directly the amount of SP transferred by these males. As expected, young males transferred the most SP, and 2 week old males transferred considerably (about 60 times) less. However, to our surprise, older males (4 weeks or older) transferred more SP than 2 week old males, with only 2.5-5 times less SP than seen for 4-day-old males, even though these oldest males were poor in suppressing female remating and in boosting female egg-laying. Even though for egg-laying effect sizes were modest (~10 eggs, see Fig. 2 ), effects were much strong for remating suppression (~50% more female remated in the two oldest age classes compared to mates from 4 day old males). Also the SP-lacking males showed a similar age-dependent increase in female remating rate (for males older than 5 weeks). Hence the ability of SP 0 males to reduce female remating is additionally diminished in these males beyond their inability to transfer SP. These data suggest that factors other than the amount of SP transferred affect the male's ability to induce post-mating responses as he ages.
One excellent candidate to explain the discord between amount of SP transferred and the reduced effectiveness in ageing wild-type males is sperm transfer. SP's action beyond the first day requires its binding to, and release from, sperm (Peng et al., 2005; Apger-McGlaughon and Wolfner, 2013) . We found that the number of sperm initially stored in the females' seminal receptacle decreased steadily with increasing male age. This strong effect was accompanied by a male-age-dependent decrease in the frequency in which any sperm were stored by the males' mates at 30 min after mating began, and by a male-age dependent decrease in ability to induce the uterine conformational changes that are thought to facilitate sperm storage (Adams and Wolfner, 2007; Avila and Wolfner, 2009; Mattei et al., 2015) . Sperm storage depends on the number of sperm transferred by a male and on the efficiency of movement of those sperm into storage; Sfps, such as Acp36DE, are required for the latter (Bertram et al., 1996; Tram and Wolfner, 1999; Chapman et al., 2000; Bloch Qazi and Wolfner, 2003) . We do not know whether male age negatively impacted the number of sperm transferred to females or the efficiency with which those sperm move into storage (or both). However, our finding that uterine conformational changes were~3 times less well induced by older males suggests that at least this aspect of sperm storage is impaired as male age; this could reflect decreased production or quality of critical Sfps in older males. Furthermore, our data on the proportion of eggs that gave rise to adults over nine days of egg-laying are consistent with the idea that females mated to older (6-week-old) males have fewer sperm available for fertilizations. The proportion of eggs that gave rise to adults is a composite measure of fertilization success and larval/pupal survival to adulthood. Overall the proportion of eggs that gave rise to adults declined with time and this was similar for all male age groups, however 6-week-old males in general performed worse. Our data suggest that mates of older males had too few sperm in storage to sustain the production of progeny, however we cannot exclude that also egg-to-adult survival was reduced. This would be an interesting hypothesis to test in the future. Apart from reducing fertilization success the decreased sperm storage (as identified for the early time-point and assumed to persist after the process is completed (~6 h after mating, Manier et al., 2010) ) by mates of older males would also mean that less SP would be retained by their mates. This would lead to smaller, and/or shorterduration, effects of SP, despite the transfer of amounts of SP similar to those transferred by younger males.
Another possible explanation for the disconnect between similar amounts of SP transferred by old and young males, relative to the males' different effects on their mates is that the SP transferred by older males could be of poorer quality than that from younger males. For example, some of the Sfps needed to modulate SP's fate in the female (Ravi Ram and Wolfner, 2009; Findlay et al., 2014) could be of lower quality or amount. Since we tested virgin males in our assays, our results measured the effects of a male's first ejaculate. As this approach cannot tease apart the effects of male age vs. ejaculate age it could also be possible that the seminal fluid proteins degrade with time and become less effective. We know little of the effects of ageing on ejaculate quality and amount in D. melanogaster. However, in house mice (Mus domesticus) no signs of ejaculate ageing were found after two months of celibacy (Firman et al., 2015) , whereas in guppies (Poecilia reticulata) ejaculate ageing was observed, characterized by reduced sperm velocity (Gasparini et al., 2010) and reduced sperm competitive success (Gasparini et al., 2017) . Hence it would be worthwhile to disentangle the effect of organismal ageing and whether older males produce less well-composed ejaculates or whether the ejaculate itself ages faster in older males.
Interestingly, male age-dependent transfer of the two Sfps we examined showed different patterns. This might reflect the different cellular sources of these Sfps: ovulin is made in both cell types present in the AG (Monsma et al., 1990) , whereas SP is only made in main cells. Main and secondary cells show different kinetics of accumulation of Sfps as a result of age at least in very young males (DiBenedetto et al., 1990; Monsma et al., 1990 ) and up to 10 days old males (Bertram et al., 1992) , so it is possible that amounts of these proteins made and available in old males differ from those in young males and that these two Sfps have independent kinetics. Moreover, secondary cells in older males behave differently than in younger males, including delaminating and sometimes being transferred to females (Leiblich et al., 2012 ). An additional (but not mutually exclusive) explanation is that these same two Sfps show different allocation patterns as was observed in males in response to the presence of rivals or female mating status . It may be that males maintain production of enough ovulin for longer and/or allocate it prudently and thus show no decline in amounts with age.
At the organismal level, we observed an age-dependent decrease in a male's ability to gain a first mating, including an increase in latency time to copulation. The decrease in pre-copulatory performance as males' age could have two possible explanations: First, due to a general physiological decline with age (e.g. Shahrestani et al., 2012) , older males might not be able to court as much or as vigorously as young males; second old males might be less attractive to females, resulting in more vigorous resistance to these males by females. Work in D. melanogaster suggests a combination of both factors might be at work: Rezaei et al. (2015) reported that females showed more repelling behavior towards older males (52-53 days) than towards younger or intermediate-aged males, as well as that old males also showed less courtship behavior.
Overall in our assays as male age increased we saw a decline in males' success in the individual pre-or post-mating traits measured. To assess the combined effects of these components on male reproductive success, we also tested males of different ages in a competitive setting, with a young rival continuously present. We found that in a competitive situation, with increasing age males became significantly less successful at both pre-and post-mating competition. Post-mating success was particularly important, as reproductive returns decreased steadily with advancing male age, even for males that gained a similar proportion of matings as four day old males (see Fig. 9B ), even though all males increased their paternity share with each mating they gained. For example, while four day old males gained~60% of paternity when they gained 60% of the matings, paternity dropped to~45% for 2 week-old males and was even lower for 4-and 6-week old males at the same value for proportional mating share (see Fig. 9B ). The simplest explanation of our data is that ageing worsens a male's ability to both i) gain a mating, and ii) induce several different Sfp-mediated post-mating traits. The cumulative effect of all of these individual declines is a significant reduction of male reproductive success with advancing age.
Conclusion
We found strong effects of male and/or ejaculate age on several preand post-copulatory traits in D. melanogaster. These included an agedependent decline in a male's ability to effectively induce post-mating changes in females that depend on the Sfps he transfers to her. This suggests an age dependent decline in male reproductive-gland function. It is possible that ageing males do not transfer sufficient amounts of Sfps and/or that the composition or quality of the Sfp set that they do transfer is no longer optimal. This may have been further facilitated by a parallel increase in ejaculate age. Our data support the idea that it is not just general senescence and decreased sperm quality/quantity that cause the lower reproductive success of older male D. melanogaster but also that senescence of non-sperm components of the ejaculate exerts a strong negative impact on a male's post-mating competitiveness. In the future it will be interesting to determine whether and how the amount, blend, or quality of Sfps is impacted by ageing.
